Aims. We investigate the plasma flow properties inside a Supergranular (SG) cell, in particular its interaction with small scale magnetic field structures. Methods. The SG cell has been identified using the magnetic network (CaII wing brightness) as proxy, applying the Two-Level Structure Tracking (TST) to high spatial, spectral and temporal resolution observations obtained by IBIS. The full 3D velocity vector field for the SG has been reconstructed at two different photospheric heights. In order to strengthen our findings, we also computed the mean radial flow of the SG by means of cork tracing. We also studied the behaviour of the horizontal and Line of Sight plasma flow cospatial with cluster of bright CaII structures of magnetic origin to better understand the interaction between photospheric convection and small scale magnetic features.
Introduction
Solar research is currently working on understanding how turbulent convection on the Sun transports mass and energy through the convective zone, how it couples with the magnetic field and how it manages to deposit in the higher parts of the solar atmosphere the energy released from the corona. Among the different approaches to these questions, observations of the solar photosphere are essential, as they provide the only direct look at what is happening just below the solar surface. The hierarchy of surface features found on the photosphere are the visible representation of the plasma flows beneath the photosphere and are customarily classified by size and lifetime as patterns of granulation (1 Mm, 0.2 hr), mesogranulation (5-10 Mm, 5 hr) and supergranulation 24 hr) . These features have been initially regarded as direct manifestation of various sized convection cells existing in the convection zone (Schrijver et al., 1997; Raju et al., 1999) ; lately, the idea is consolidating that meso and supergranulation are signatures of a collective interaction of granular cells (Rast, 2003; Roudier et al., 2003; Berrilli et al., 2005) . Despite years of intensive studies, the character of their motions remains not completely understood (Beck & Duvall, 2000; Krishan et al., 2002; Berrilli et al., 2004; DeRosa & Toomre, 2004) . The aim of the study we present is to investigate the origin of the supergranular (SG) flow field: directly convective or a collective interaction of smaller convective features. The study performed by Simon & Leighton (1964) initiated the campaign to characterize supergranular flows. Outflows on SG scales have been observed to sweep embedded granules and magnetic flux elements toward Send offprint requests to: delmoro@roma2.infn.it convergence lanes between cells (Leighton, 1964; Zwaan, 1978; Rimmele, 1989; Shine et al., 2000) . Such behaviour causes the chromospheric transition CaII k line to be a good proxy for the network of intercellular lanes due to the higher magnetic elements density in the SG perimeters. The advent of full-disk Doppler imaging, provided by the MDI onboard SOHO spacecraft, has considerably improved our capability to study such features (Hathaway et al., 2002; DeRosa & Toomre, 2004; Paniveni et al., 2004; Meunier et al., 2007) ; but direct observations of supergranular flows are still hindered by the fact that there is no contrast on supergranular scales in visible light, observations in CaII only provide the cell network boundaries and Doppler images show SG only away from disk centre. At present, the only methods to reconstruct the full 3D vector velocity field are direct Doppler measurement in combination with a tracking type measure for the velocity horizontal component (above the τ = 1 surface) or Local Helioseismology (below the τ = 1 surface). To gain complete insight of the dynamics of the plasma flows inside a SG structure, we need a spatial and temporal resolution still not reached by local helioseismology, while to obtain the 3D velocity field through the other method, observations with very high spatial, spectral and temporal resolution are necessary. With the assumption that granule motions are mainly driven by plasma flows (Rieutord et al., 2001) , it is possible to employ the TST to infer the horizontal velocity field. In this work we reconstruct the 3D velocity field of a single SG structure and investigate in detail its plasma flow using data acquired with the IBIS spectrometer, trying to discern whether the SG pattern has a convective nature or is originated by small scale structure interaction. 
Observations
The data utilized in this analysis have been acquired with the IBIS (Interferometric BIdimensional Spectrometer) 2D spectrometer (Cavallini et al., 2001; Cavallini, 2006) In order to remove the orbital contribution, we set to zero the average value of each LoS velocity image. The 5-minutes oscillations were removed applying a 3D Fourier filter in the k h − ω domain with a cut-off velocity of 7 km·s −1 both on intensity and velocity image series. After the whole reduction process and selecting only the period of good seeing we are left with a 30 minutes dataset imaging a square FoV of ∼ 50". An example of the images of this reduced dataset is shown in Fig. 1 . The mean resolution due to the seeing of the CaII images is 0.35"; the mean resolution of the LoS velocity images, the intensity continuum images and the line core images is instead 0.45", somewhat degraded by both the reduction pipeline and the k h − ω filtering. In order to obtain information about the depth dependence of a photospheric quantity by associating a suitable 'formation zone' with a line, it is possible to consider its ef-fect on the line characteristic as linear perturbations and to study the Response Function RF of the emergent line characteristic at the observed wavelengths within the line. In particular, the RF I p is, at each depth, the function we must use to weigh the perturbation p in order to get the variation of the emergent intensity I (Caccin et al., 1977) . This approach has been employed to derive the RF I T and Fig. 2 . Core intensity fields of FeII 722.4 nm (z≃50 km) and FeI 709.0 nm (z≃100 km ) in comparison with continuum image (z≃0 km) and CaII 854.2 nm wing intensity field (z≃150 km) (Qu & Xu , 2002) . The z axis is greatly exaggerated with respect to the x-y axes in order to allow a better visualization. Table 1 we report the photospheric depths of the line core RF I T maximum (z Tcore ), and of the mean RF I V maximum (z V line ) for the two spectral lines. We also report the RF full width at half maximum for the two spectral lines: these rather large values imply broad formation zones for both the FeI 709.0 nm and FeII 722.4 nm Doppler velocity and core intensity signals.
3D Velocity Field
The TST procedure (Del Moro, 2004 ) has been applied on the continuum image series and on both the FeII 722.4 nm and FeI 709.0 nm Doppler field series, in order to retrieve the horizontal velocity field at different depths of the solar atmosphere. To minimize the effect of the proper motion of the granules, which are used as trackers of the mean plasma flow, we computed the horizontal velocity field using all the structures that were tracked, so that statistically at least one tracker is present in each interpolated horizontal velocity field pixel, as suggested by Behan (2000) . This means we used a grid step of ∼ 1.5 Mm and a temporal window of ∼ 30 min. Possibly, this would not completely remove the noise associated with granule proper motions or residuals from the 5-min oscillation filtering, but should minimize it. Combining the horizontal velocity fields retrieved from the Dopplergrams by the TST and the Doppler LoS velocity, the 3D vector field has been reconstructed for the FeII 722.4 nm and FeI 709.0 nm lines. We are aware that associating the vector fields to precise heights in the photosphere is an oversemplification, as can be readily understood from the large FWHM reported in Table 1 , nevertheless, we did it for the sake of a good visualization: in Fig. 3 we show the mean 3D velocity field associated to the the dataset. In both the 3D fields we retrieved, the vector velocity appears to be structured quite coherently with the SG feature visible in the CaII wing images. In order to further investigate the structuring of the velocity field, we computed the average continuum (upper panel of Fig. 4 ) and correlated them. While the average continuum image does not show any evident signal, there is a significant correlation between strong downflows and bright CaII features, in particular for the complex cluster of features in the lower part of the FoV. This issue can be at least partially explained by the coherence of the 3D velocity field with the SG structure. We expanded this study by comparing the averaged images with the horizontal velocity field extracted by the TST from granules as seen in the continuum and up-flows from the FeI 709.0 nm Doppler images. We excluded from this analysis the FeII 722.4 nm Doppler images because we found its horizontal velocity field to be not as reliable as the others. This is due to the TST finding less than optimal number of features to track because of the shallowness of the FeII 722.4 nm line. A shallow line Doppler shift is much harder to measure by the LoS velocity reconstruction procedure, resulting in a more noisy dopplergram. This noise is interpreted by the TST as a fast variation of the structures, therefore causing a lot of them to be rejected for the tracking. As a consequence, the TST finds too few trackers in the 722.4 Doppler for the divergence field to be reliably reconstructed.
The horizontal velocity fields extracted by the TST are The peak divergence signals we retrieved both in the centre and in the periphery of the SG cell are an order of magnitude larger than the averaged values reported by Meunier et al. (2007) . This discrepancy probably stems mainly from the different temporal and spatial averaging processes in the divergence reconstruction and marginally from the different resolution of the two datasets. The structuring of the divergence field is very compatible with a net flow from the centre of the SG to its border. Moreover, examining the LoS velocity fields, we found a strong and stable up-flow region nearby the divergence maximum, with a mean FeII 722.4 nm Doppler velocity value of V c ∼200 m·s −1 for almost the whole time span. This last region is liable to be the origin of the divergence signal we measured, possibly as suggested by Rieutord et al. (2000) ; Roudier et al. (2003) . Observing the divergence images (bottom panels of Fig. 4 and Fig. 5 ) extracted from the horizontal velocity fields, the supergranule is outlined by convergences on ∼ 66% of its circumference, while the bright cluster area clearly visible in the CaII wing image does not seem to be a region of strong convergence, despite the fact that it is mostly formed of down-flows. This region has a mean FeII 722.4 nm Doppler velocity value V c ∼-100 m·s −1 for the whole dataset time span (T ≃ 0.5 hour), and it seems to mantain similar values also for the part of the observations discarded for the loss of spatial resolution due to worsening seeing condition. A similar cluster of bright CaII structures is present in the upper-left part of the FoV, but its associated downflow shows a much smaller coherence: it has a mean FeII 722.4 nm Doppler velocity value V c ∼-50 m·s −1 for more than half of the time span, then it drops to ∼-20 m·s −1 . Whether or not downflow regions like these may be organizing the SG pattern, as predicted by Rast (2003) , is a question we cannot address due to the short duration of our dataset.
Horizontal Flow Analysis via Cork Tracking
To further extract information about the plasma motion inside the SG structure, we tracked the evolution of tracers (corks) passively advected by instantaneous velocity and intensity fields. The corks, initially randomly spread over the FoV, are moved following the local gradient towards sites of minimum intensity or of minimum velocity in the case of intensity or velocity fields, respectively. We will compare the final and initial positions of the corks, which will give us information about the motion of downflows in the field of view. Corks are tracked for ∼ 16 minutes (a time sufficiently longer than the characteristic time scale of photospheric fields (Müller et al., 2001; Berrilli et al., 2002) to let the cork settle in a downflow feature and track it for a while) and their initial and final position are stored. As corks tend to accumulate in long lasting downflow structures, new corks are added each ∼ 5 minutes in order to also track structures forming during the observations. In Fig. 6 we report the result of the cork tracing for a continuum image series and for both the FeII 722.4 nm and the FeI 709.0 nm Doppler fields. In particular, we plotted the difference between the final and initial distances from the image centre of the corks versus their initial distances from the image centre. The alignment effect of the scatter plot is due to an inverse linear relationship between the ρ start and the δρ of corks with different initial postions which end in the same 'attractor' and therefore share their final position. As the image is centred on the SG structure, this will give us information about a possible difference of mean flows inside and outside the SG. In order to investigate the properties of the distribution, we fit on the scatter plots a sigmoidal function:
so that x 0 will tell where the transition between the two values A 1 and A 2 of the distribution takes place and dx will tell how fast this transition is. The parameters of the fit are retrieved by a recursive Levenberg-Marquardt minimization algorithm. The fits agree in retrieving positive values of A 1 and near zero values for A 2 (Table 2 ). This means that the corks inside a circle of radius x 0 from the image centre tend to increase their radial distance, while the corks outside have no preferred direction in their motion. Several simulations on randomly generated velocity fields showed that we can neglect the contribute from corks whose initial position is so near to the image centre that they are biased towards positive radial displacement. Finally, we tested the robustness of these results against the initial guesses and against the SG centre position in the FoV. The retrieved parameters do not depend on these factors, as long as the initial guesses are of the same order of magnitude of the convergence values or the FoV shift is less than 2.5 Mm.
In Fig. 4 we show the mean intensity fields associated to the plots in Fig. 6 , with superimposed the location of the change of the A value represented as an annulus of mean Table 2 . Parameters of the sigmoidal fits to the scatter plots reported in Fig. 6 . out small features in higher atmospheric layers, letting only large flow features penetrate into the upper photosphere. The same process can explain the broadening of the SG border we found: in higher layers the corks are collected in larger and fewer downflow structures. As more corks are collected by the same structures, the number of independent tracers is decreased and similarly the precision of the retrieval of the boundary is decreased. Instead, we can exclude that such a smoothing effect is due to data reduction or seeing, because in that case the SG border retrieved from the FeI 709.0 nm LoS field would have been thinner than the one retrieved from the FeII 722.4 nm LoS field, as the latter shows lower contrast features, more prone to be degraded by the loss of spatial resolution.
Due to the form of equation 1, the difference A 1 − A 2 , divided for the time allotted to the corks to move, will give the mean radial velocity experienced by the corks. We plot in the bottom panel of Fig. 8 the radial velocity retrieved from the three scatter plots as a function of the photospheric altitude. Error bars represent the standard deviation from the fit. To account for these results, we assume that the large and more coherent features present in the LoS dopplergrams are reliable to retrieve the radial velocity measure, while the measure from the continuum images is somewhat reduced by the presence of tiny structures which are more turbulent in their motion. Such structures are not present in the higher layers dopplergrams because of the damping effect already discussed. We therefore discard the value obtained from the WL dataset because it is probably smeared by the turbulent motions of very small scale features and take into account only the two values retrieved from the higher layers, retrieving a mean velocity of 0.75 ± 0.05 km s −1 . Such a value for the flows from the SG structure centre is consistent with the literature (Simon & Leighton, 1964; Hathaway et al., 2002; Paniveni et al., 2004; Meunier et al., 2007) .
Conclusions
The study of the full 3D velocity field of a SG shows that strong downflows are located on the border of the supergranular structure, but also that the mean granular flow regresses from the centre to the periphery of the SG. The divergence images show that the SG structure is outlined by convergence sites on ∼ 66% of its border. The retrieved divergence values show a nearly radial flow of ∼ 0.1 km s −1 M m −1 from the centre of the SG and convergent flows of the same magnitude in its border. The analysis of the evolution of passive tracers on intensity and velocity fields shows that inside the SG structure there is a preferential radial flow towards the SG border of 0.75 ± 0.05 km s −1 . The height behaviour of the thickness of the SG border, again retrieved via cork tracing, shows an increase of the border width with height. This is probably due to a filtering effect with height, which preferentially allows large flow features to penetrate into the upper photospheric layers. The large and CaII bright cluster of structures in the lower part of the FoV, is not a site of strong convergence, but is a site of long-lasting downflows. We also found a strong and stable upflow nearby the centre of the cell, liable to organize the CaII bright structures by sweeping them out of the SG cell. The result presented in this paper are extracted from a subset of a longer timeseries of excellent spectral and temporal resolution, but varying spatial quality due to seeing. The used 30 min subset is characterized by a constant and good spatial resolution. This allowed us to detect precisely the flow associated with the SG. Anyhow, our analysis would have greatly benefited from a longer time sequence and other SG structures to analyze. In the future, we plan to apply this analysis to a collection of SG structures, so as to derive some statistical describer and possibly generalize the results. 
